in groundwater and P in surface water can occur (Edwards and Daniel, 1992; Heathman et al., 1995; Liebhardt et al.. 1979; Sharpley et al., 1996) . Thus, several states are developing guidelines for litter management based on environmental as well as agronomic criteria. Although the rate and method of litter application is considered, producers often have less flexibility as to when the litter is applied.
Timing of poultry litter applications relative to occurrence of rainfall influences N and P loss in runoff. The major portion of annual N and P loss in surface runoff generally occurs during one or two intense storms (Edwards and Owens, 1991; Pionke et al., 1996; Smith et al.. 1991) . If litter applications are made during periods of the year when intense storms are likely, then the percentage of applied N and P lost would be greater than if applications are made when surface runoff probabilities were lower.
An increase in the length of time between applying manure and a surface runoff event has been found to reduce N and P transport in runoff. When runoff was delayed from 1 h to 3 d after poultry or swine manure application to fescue (Festuca arundinacae Schreb.) in North Carolina, Westerman and Overcash (1980) found concentrations of TN and TP in runoff were reduced approximately 90%. With longer periods between swine manure application to fescue and rainfall-runoff initiation in Arkansas (up to 14 d), Edwards and Daniel (1993) found little effect of time on N or P loss in surface runoff.
A modeling approach (Erosion-Productivity Impact Calculator, EPIC; Sharpley and Williams, 1990 ) was used by Edwards et at. (1992) to estimate optimal timing windows for poultry litter application in Arkansas. Edwards et at. (1992) suggested it may be possible to landAbbreviations: BAP. bioavailable P; DP, dissolved P: NH,-N, ammomum-N; NO-N, nitrate-N: PP. particulate P: TN, total N: TP. total P. apply litter at times that both maximize crop yields and minimize nutrient losses. However, the appropriate criteria for optimalization must be carefully selected. For example, Edwards et al. (1992) assumed that N and P were of equal concern. In some areas, the primary concern may be NO 3 movement to groundwater, while in others it may be P loss to surface waters.
These previous studies used poultry or swine manure applied to one soil type. Thus, more information is needed on how rainfall frequency affects nutrient transport in runoff after applying poultry litter to provide technical support for litter management guidelines. This study investigates the effect of rainfall frequency and timing on the release of soil N and P and concentrations in runoff following poultry litter application (10 Mg ha -1 ) to 10 Oklahoma soils.
MATERIALS AND METHODS

Soil, Litter, and Runoff Collection
Surface samples (0-10 cm) of 10 soils were collected from southeast Oklahoma, air-dried, and sieved (2 mm) ( Table I ). All soils were under fescue and had not received poultry litter since at least 1985. 'These soils were selected as representative of those commonly receiving poultry litter annually (about 10 Mg ha -'). Poultry litter (bedding material plus pine hark shavings. Pinus sp.) was collected from two broiler houses in southeast Oklahoma on the day of clean out and land application, thoroughly mixed, and stored (277K) in polythene bags at house moisture (9.8%). Litter subsamples were ground to pass a 2-mm sieve and stored at 277K for N and P analysis.
Air-dried, sieved (2 mm) soil was packed in duplicate impermeable-bottomed boxes (1 in 0.15 m wide, and 0.15 m deep) to a bulk density of about 1.35 Mg m 3 . Poultry litter was incorporated at a rate of 10 Mg ha' (equivalent to 380 kg N and 160 kg P ha' or 580 mg N and 250 mg P kg ') by mixing with 3-kg increments of soil during packing to a depth of 5 cm.
The soils were slowly wetted by a drip system to saturation and incubated at 293K for 1 to 35 d before application of rainfall by a capillary-tube type simulator (Munns and Huntington, 1976 ). An average rainfall intensity of 2.54 cm h' was applied for 30 mm (a 5-yr return frequency in southeast Oklahoma) to soil boxes inclined at a 4% slope. To investigate rainfall frequency on the concentration of N and P in runoff, 10 consecutive rains were applied at 1-d intervals to soil incubated with litter for 7 d. The effect of rainfall timing was evaluated by applying 5 consecutive daily rains to soils and litter incubated for 1 to 35 d. Runoff occurred when the soils became saturated and was then equal to rainfall volume. As no infiltrating water left the boxes, runoff volume was constant among soils and treatments.
Surface soil samples (0-1 cm) were taken from each box before rainfall application, air-dried, sieved (2 mm), and stored at 277K until analysis. Total runoff from each rainfall was collected, thoroughly mixed, and subsampled. A 100-mL aliquot was immediately centrifuged, filtered (0.45 p.m), and stored at 277K for NO 3-N, NH,-N, and DP analysis. Unfiltered runoff was stored at 277K for total Kjeldahl N and F, and BAP determination. These analyses were completed within 5 d of sample collection.
Chemical Analysis
Soil clay content was determined by pipette analysis after dispersion with sodium hexametaphosphate (Day, 1965) , organic C by dichromate wet combustion (Raveh and Avnimelech. 1972) , and pH using a glass electrode at a 5:1 water/soil ratio (wt/wt). The TN and TP contents of soil, poultry litter, and unfiltered runoff were determined following digestion with a semimicro Kjeldahl procedure (Bremner and Mulvaney, 1982) . Poultry litter had an average TN content of 38.0 1.2 g kg' and TP content of 16.3 0.3 g kg . Nitrate-N and NH,-N in filtered runoff were measured colorimetrically, following reduction to nitrite-N by Cd (Greiss-llosvay method) and indophenol blue procedures, respectively (Keeney and Nelson. 1982) . The DP concentration in filtered runoff was determined by the colorimetric method of Murphy and Riley (1962) . Particulate P (PP) was calculated as the difference between TP and DP.
The Mehlich-3 P content of soil before each runoff event was determined by extraction of lg soil with 10 mL of 0.2 M CH, COOH, 0.25 M NH4 NO R, 0.015 M NH4F, 0.013 M HNO3, and 0.001 M EDTA for s mm (Mehlich, 1984) . The BAP concentration in runoff was determined using Fe-oxide impregnated strips (Sharpley, 1993) . Five mL of unfiltered runoff (made up to 50 mL with distilled water) and one Fe-oxide strip were shaken end-over-end for 16 h at 298K. The strip was removed, rinsed free of soil particles, and shaken endover-end for I h in 0.1 M H,SO4 to remove BAP. Phosphorus in all neutralized extracts was determined by the method of Murphy and Riley (1962) .
Phosphorus sorption isotherms were constructed for the 10 untreated soils using the procedure of Nair et al. (1984) . One g soil was shaken with various additions of P (0-500 mg kg' added as KH2PO4) in 25 mL of 0.01 M CaCI, on an end-overend shaker at 298K. After 24 h, the soil suspensions were centrifuged and filtered (0.45 p.m) and the solution P concentration (C) determined. The amount of P sorbed (X) is the difference between Padded and P remaining in solution. Using the Langmuir sorption equation, soil P sorption maximum was calculated as the reciprocal of the slope of the plot CIX (Syers et at., 1973) . The sorption saturation of each soil was calculated as: P sorption saturation = Mehlich-3 soil P x100 P sorption maximum + Mehlich-3 soil P where the units of extractable soil P and P sorption maximum are unit mass of DP for a given mass of soil (mg kg ').
All treatments and analyses were conducted in duplicate and means presented. Statistical analysis of treatment effects was conducted by ANOVA for paired data. The use of small boxes of packed soil to evaluate chemical losses in runoff from fields or watersheds is limited. Thus, use of the boxes has been restricted to studying variables controlling the release of N and P from soil to runoff and concentrations only are presented. As runoff volume did not vary among soils due to experimental design, relative treatment effects on N and P concentrations will be the same as losses.
RESULTS AND DISCUSSION Rainfall Frequency
Ten successive rainfall events (2.54 cm h -' for 30 mm) were applied at 1-d intervals to each soil after 7-d incubation with poultry litter. The concentration of N and P in the initial runoff from all soils was greater than from the check treatment (no poultry litter added) (Table 2 ). However, with subsequent rainfalls, the N and P concentration in runoff decreased, as shown for Captina silt loam (Typic Fragiudult) in Fig. 1 . For the other nine soils, runoff N and P decreased similarly except for NO 3-N (Table 2) . For Ruston (Ultic Hapludalf), San Saba (Udic Pellustert), and Stigler (Aquic Paleudalf) soils, NO 3-N concentrations were greater in runoff from the 10th rather than the first rainfall event after the 7-d incubation (Table 2) . Further, NO,-N concentrations in the 10th runoff event were even lower than for the check treatment for Cahaba (Typic Hapludult), Captina, Durant (Vertic Argiustoll), and Muskogee (Aquic Paleudalf) soils (Table 2 ). The high variability in NO-N concentration in runoff is consistent with NO 3 -N mobility in soils and a lack of any significant relationship (P> 0.05) between soil and runoff NO3-N from watershed scale studies (Sharpley et al., 1985; Smith et al., 1993) .
The decrease in NH 4-N concentration in runoff with successive rainfalls was similar for the 10 soils (an average 2.35 t 0.16 mg L -'; Table 2 ). By the 10th runoff event, the NH4 -N and total N concentrations were approaching the untreated (check) concentrations for all soils. Thus, soil type had little influence on N transport in runoff with rainfall frequency, which was more a function of poultry litter application.
In contrast to N, the concentrations of P in runoff and their decrease with successive events were more variable (Table 2 ). For example, DP concentration in the first runoff from litter-amended soils ranged from 0.17 to 1.34 mg L' and for BAP from 0.44 to 1.57 mg L 1 . The DP decrease during the 10 successive runoffs averaged 0.34 ± 0.47 mg L -' and 0.25 ± 0.51 mg L' for BAP. Even after 10 runoff events, P concentrations in runoff from treated soils were greater (P < 0.05) than from untreated check soils. For example, the DP concentration in the 10th runoff from treated soils (0.18 mg L') was on average sixfold greater (P < 0.05) than from untreated soils (0.03 mg L 1 ; Table 2 ). The decrease in DP and BAP concentration during 10 successive rains was most closely related to surface soil (0-1 cm) P sorption saturation following a 7-d incubation with poultry litter (Fig. 2) . As P sorption saturation of treated soil increased, P was more readily released from soil to runoff and a more rapid decrease in runoff P with successive rainfalls occurred (Fig. 2) . It is apparent from Fig. 2 that the change in DP concentration in runoff with successive rains was greater than for BAP. This results from the fact that BAP is comprised of both dissolved and particulate P forms (Sharpley, 1993) . Thus, the decrease in BAP concentration in successive runoffs will be a function of soil P release and particulate transport or erosion factors. However, the change in DP concentration in runoff is closely related to soil P sorption-release properties (intensity factor) as well as soil P (capacity factor).
Rainfall Timing
The effect of time of rainfall after poultry litter application on N and P concentration in runoff was evaluated by incubating soil and litter for up to 35 d before applying rainfall. For Captina silt loam, N (except NO3-N) and P concentrations (except PP) decreased with increasing interval between litter application and rain (Fig. 3) . The other nine soils exhibited similar runoff concentration incubation responses (data not presented). Although NO 3-N concentrations were not influenced by rainfall timing (P> 0.05), TN and NH4-N concentrations decreased gradually (Fig. 3) . For all soils, TN decreased an average threefold (7.54-2.23 mg L1) and NH4-N 51-fold (5.63-0.11 mg L'). The decline in NH4-N concentration in runoff during incubation of soil and poultry litter may be attributed to NH 3 volatilization, sorption of NH4-N by soil material, and mineralization to NO3-N Smith et al., 1994) . Although DP and BAP concentration decreased with increase in incubation time between litter application and rainfall, PP concentrations increased slightly (Fig.  3) . The slight increase in PP may result from the sorption of P following litter addition. The decrease in DP in runoff was consistent with a decrease in Mehlich-3 P concentration in surface soil (0-1 cm) with increasing time of incubation between poultry litter application and rainfall (Table 3) . After 35 d, Mehlich-3 P decreased 10 (Stigler) to 60% (San Saba) of initial 1-d values (Table 3 ). The decline in Mehlich-3 P was a linear function of P sorption maxima of each soil (r 2 of 0.96; P < 0.01). During the same period, DP concentration in runoff decreased 16 (Ruston) to 72% (Captina), but was not related to soil P sorption maxima (Table 3 ; r 2 of 0.11, P> 0.05). Even so, DP concentrations in runoff 35 d after litter application (0.13-0.95 mg L -') were still above levels associated with accelerated eutrophication (0.01-0.05 mg L'; Sawyer, 1947; USEPA, 1986) . After 35 d, rainfall should have less effect on the release of residual N and P and subsequent concentrations in runoff (Edwards and Daniel, 1993; Westerman and Overcash, 1980) . For all incubations and soils, the DP concentration in runoff was related to Mehlich-3 soil P and P sorption saturation (Fig. 4) . A threshold Mehlich-3 soil P concentration of about 150 mg kg appears to exist, above which the potential for DP enrichment of runoff is much greater (Fig. 4) . However, the relationship between runoff DP and Mehlich-3 soil P is soil type dependent, while the relationship between runoff DP and P sorption saturation appears to be independent of soil type (Sharpley, 1995) . Thus, changes in DP concentration in runoff as a function of poultry litter application and rainfall timing can be described by soil P sorption saturation. However, until more information is available on soil P sorption saturation, soil-specific threshold values of Mehlich-3 P can indicate the potential for P enrichment of runoff.
CONCLUSIONS
The concentration of all N and P forms in runoff following poultry litter application generally decreased with successive rainfalls. The effect of rainfall frequency on N concentrations was a function of rainfall amount and poultry litter application and was independent of soil type. In contrast, the differential decrease in runoff P concentrations in successive rains among soil types was a function of percent saturation of soil P sorption sites. Thus, the potential for P transport in runoff following poultry litter application decreased with successive rainfalls. With increasing length of time between litter application and rainfall-runoff, the concentration of N and P in runoff decreased (except PP). For N, this decrease occurs as the N content of applied poultry litter is reduced by NO3-N formation and movement into the soil profile and NH 4-N volatilization. However, P is conserved in the litter-soil mix by sorption processes: thus, the decrease in P transport in runoff with time after litter application was a function of soil type as described by P sorption saturation. For example, if rainfall occurred 35 d rather than 1 d after litter application. DP concentration in runoff decreased an average 41% (0.29 mg L), ranging from 16 (0.05 mg L 1 ) to 72% (0.67 mg L-').
The results of this research show that soil properties influence the reaction of litter N and P in soil and thereby concentrations in runoff. For example, the time between poultry litter application and rainfall will have a greater influence on P enrichment of runoff from high than low P-sorbing soils. Thus, the potential to minimize nutrient enrichment of runoff by avoiding litter applications during periods of high rainfall probabilities, should be considered along with crop nutrient requirements. However, producers often have little flexibility as to when they apply litter, although the formation of local manure banks by several producers and development of composting facilities may allow more flexibility in timing applications. Even so, information is needed on the effect of litter application timing on N and P losses under common land management practices, such as conventional and no-till cropping, pastures, and rangeland, before the timing of litter applications based on soil P content and site potential for runoff, can be rescheduled.
